Introduction {#sec1-1744806920903848}
============

To reduce severe side effects evoked by standard non-steroidal anti-inflammatory drugs and opioids, several novel pain killers have been tested in clinical trials. Within the last years, the transient receptor potential vanilloid type 1 (TRPV1) became one of the most extensively investigated targets. In addition to the invention of small molecule TRPV1 channel blockers, capsaicin, the hot chilli pepper extract, has been launched as a treatment option. A high-dose capsaicin-containing patch has been approved as a second-line therapy for patients with various types of neuropathic pain.^[@bibr1-1744806920903848]^ Capsaicin, the most specific exogenous TRPV1 agonist, evokes strong heat sensation upon receptor activation. In addition, capsaicin has also been used to experimentally study pain in humans and rodents. Recently, the chemical has been discussed as a model substance for the study of ongoing neuropathic pain since low doses of capsaicin evoke long-lasting mechanical hyperalgesia due to neurogenic inflammation.^[@bibr2-1744806920903848]^

During inflammation, endogenous mediators such as prostaglandins, bradykinin, reactive oxygen species (ROS) like hydrogen peroxide (H~2~O~2~) as well as hydroxyl radicals and downstream products are released. While bradykinin and prostaglandins indirectly modulate TRP channel responses, ROS itself and its products are direct, unselective TRP agonists that are crucial for the inflammatory response and a feedback loop promoting neurogenic inflammation.^[@bibr2-1744806920903848],[@bibr3-1744806920903848]^ Various intermediates of ROS have strong oxidising capabilities that lead to the production of endogenous oxidation-specific epitopes, oxidised phospholipids (OxPL), and 4-hydroxynonenal (4-HNE), a smaller, more stable but highly reactive end product of lipid peroxidation.^[@bibr4-1744806920903848],[@bibr5-1744806920903848]^ TRPA1, the ankyrin type 1 TRP homologue of TRPV1, is activated by ROS and its downstream product 4-HNE via Michael addition.^[@bibr6-1744806920903848]^ While direct activation of TRPV1 by H~2~O~2~ is controversial, it has been proven that H~2~O~2~ directly activates TRPA1 by covalent modification of the cysteine residues located in the N-terminus of the TRPA1, crucial for the channel activation.^[@bibr6-1744806920903848][@bibr7-1744806920903848]--[@bibr8-1744806920903848]^

D-4F is a peptide sequence of the apolipoprotein A-I (ApoA-I), the most important apolipoprotein of high-density lipoproteins (HDLs). Evidence on apolipoproteins being involved in pain modulation recently increased.^[@bibr9-1744806920903848],[@bibr10-1744806920903848]^ We and others showed that apolipoprotein A-I (ApoA-I) as well as its structural mimetic peptide D-4F prevent inflammatory pain.^[@bibr5-1744806920903848],[@bibr11-1744806920903848]^ We revealed that D-4F prevents TRPA1 activation evoked by endogenously occurring OxPL that are generated during inflammation by ROS but not by the exogenous TRPA1 agonist mustard oil (MO).^[@bibr5-1744806920903848],[@bibr12-1744806920903848]^ Furthermore, D-4F has been used as an experimental therapeutic compound for the treatment of other diseases with inflammatory components by directly binding to OxPL, e.g. occurring in atherosclerotic plaques and pro-inflammatory reactions.^[@bibr13-1744806920903848][@bibr14-1744806920903848]--[@bibr15-1744806920903848]^

In this study, the efficacy of D-4F is tested in a rodent model of neurogenic inflammation, induced by capsaicin, evoking hypersensitivity and TRP channel activity. We found that D-4F ameliorated capsaicin-induced mechanical but not TRPV1-typical thermal hypersensitivity. Therefore, we decipher effects on downstream mediators of capsaicin like H~2~O~2~ and 4-HNE that directly activate the mechanosensor TRPA1.

Material and methods {#sec2-1744806920903848}
====================

Materials {#sec3-1744806920903848}
---------

The materials used were supplied as follows: MO, H~2~O~2~, capsaicin, DMSO (Sigma-Aldrich, Taufkirchen, Germany), 4-HNE (Alpha Diagnostic International, San Antonio, TX), D-4F (custom made, Peptide Specialty Laboratories GmbH, Heidelberg, Germany), and Fura-2/AM (Life Technologies, Darmstadt, Germany).

Animals {#sec4-1744806920903848}
-------

The animal care and experimental protocols were approved by the Government of Lower Franconia (protocol number 61/11). Experimental protocols were in accordance with the international guidelines for the care and use of laboratory animals (EU Directive 2010/63/EU for animal experiments) and Animal Research: Reporting of In Vivo Experiments (ARRIVE) criteria.

To compare the data obtained in this study with our data from previous publications, we continued using rats for behavioural studies and mouse tissue for in vitro experiments.^[@bibr5-1744806920903848],[@bibr12-1744806920903848]^ In line with the literature, no species differences regarding TRPA1 activation in rodents have been expected.^[@bibr16-1744806920903848]^

Male Wistar rats (200--300 g; 7--9 weeks old, Janvier Labs, Le Genest-Saint-Isle, France) were accommodated on dry litter in groups of six with free access to food and water under standard conditions (12:12 h light/dark cycle, 21°C--25°C, 45%--55% humidity). Experiments were performed during daytime. In score sheets, criteria for discontinuation of the experiments and humane end points were evaluated and observed. No animals had to be euthanised beforehand.

Male C57BL/6 J mice at the age of 8 to 10 weeks weighing about 20 g were taken from the animal breeding facility of the Institute for Clinical Neurobiology, University Hospital of Würzburg, Germany, for dorsal root ganglia (DRGs) preparations. Siblings were kept in one cage on dry litter with housings, paper towels as well as access to dry SNIFF pellets and water ad libitum. The 12:12 h day--night cycle was maintained. At the end of the experiments, all animals were killed with CO~2~.

Experiments were grouped by agonist. All rats needed for one trial were ordered on the same day at the age of six weeks and 180 g. Before handling, rats were numbered by chance. Numbers were randomly allocated to group 'D-4F' and group 'vehicle'. The order of injections as well as the order of threshold measurements remained constant throughout the experiment. The experimenter was blinded to treatments but performed all intraplantar injections of pronociceptive mediators and measurement of pain behaviour.

Capsaicin (245 nmol; 1% DMSO), H~2~O~2~ (19.2 µmol), 4-HNE (6 µmol) and D-4F (2.5 mg/kg) were diluted in saline. The chosen doses matched with our earlier studies and were used by others as well.^[@bibr5-1744806920903848],[@bibr12-1744806920903848],[@bibr13-1744806920903848],[@bibr17-1744806920903848][@bibr18-1744806920903848][@bibr19-1744806920903848][@bibr20-1744806920903848]--[@bibr21-1744806920903848]^ Previously, we demonstrated that the injection of isotonic saline does not elicit hyperalgesia, infiltration with leukocytes or increased production of proalgesic mediators like prostaglandins or cytokines.^[@bibr22-1744806920903848]^

Behavioural testing {#sec5-1744806920903848}
-------------------

Nociceptive withdrawals are fast reflexive retractions of the hind paw in response to nociceptive sensory input that are provoked by either mechanical or thermal stimuli often referring to a prolonged hypersensitivity. The taxonomy suggested by the International Association for the Study of Pain was used.

Nociceptive reflexive measurements: Pungent reagents were injected at time point 0 under isoflurane anaesthesia. D-4F or saline were applied after a 5-min interval. The total volume of each injection was 100 µL. A paw pressure algesiometer (modified Randall-Selitto test; Ugo Basile, Comerio, Italy) and von Frey filaments to test mechanical reflexive nociceptive thresholds as well as a Hargreaves' apparatus (IITC Life Science Inc., Woodland Hills, CA) to measure thermal reflexive nociceptive thresholds were used. Mechanical and thermal thresholds were measured before injection (time point 0 (= baseline)) as well as 1, 3 and 6 h after the injection.

Calcium imaging and DRG preparation {#sec6-1744806920903848}
-----------------------------------

Fura-2-based calcium imaging on primary adult DRG neuron cultures from C57BL/6 male mice and HEK-293 cells stably transfected with either recombinant human TRPA1 or rat TRPV1 were conducted as reported before.^[@bibr5-1744806920903848]^ In brief, cells were loaded with fura-2/AM before time-lapse image series were acquired at intervals of 2 s, with an excitation of 340/380 nm and emission at 512 nm. To maintain the comparability of our studies, the concentrations of capsaicin (1 µM), H~2~O~2~ (10 µM), 4-HNE (30 µM), MO (10 µM), KCL (45 mM) as well as D-4F (1 and 10 mg/ml) used here matched those from our earlier studies.^[@bibr5-1744806920903848],[@bibr12-1744806920903848]^ As before D-4F, dissolved in calcium imaging buffer containing 134 mM NaCl, 6 mM KCl, 2 mM MgCl~2~, 1 mM CaCl~2~, 10 mM Hepes and 5 mM glucose (pH 7.4), was either pre-incubated for 30 min with the cells at 37°C, 5% CO~2~ in the incubator or with the agonists at room temperature. Calcium imaging data were processed before the statistical analysis of the number of reacting cells and the area under curve (AUC). The mean of basal fluorescence in each experiment was determined. By defining 'reacting cells' as cells with a 1.5-fold increase in mean basal fluorescent intensity after stimulation, the number of reacting cells (%) was calculated. The AUC was calculated of the mean for DRGs from 270 to 420 s and 740 to 860 s, as indicated in the figure legend, starting 150 s after the application time point of the stimulus of interest to exclude onset differences, and in HEK-293 cell experiments from 120 to 390 s. As lack of responsiveness could not be differentiated from lack of transfection non-responding HEK-293 cells were not excluded from the results. All data are presented as individual traces of each cell plus mean indicated by grey and black lines, respectively.

Statistical analysis {#sec7-1744806920903848}
--------------------

The data and statistical analysis obey with the recommendations on experimental design and analysis in pharmacology.^[@bibr23-1744806920903848]^

Prism 7 for Mac OS X (GraphPad Software, San Diego, CA) or SigmaPlot 14 (Systat Software GmbH, Erkrath, Germany) were used for the analysis of the in vitro and in vivo data, respectively. Regardless the outcome of the normality test, according to Shapiro--Wilk, repeated measurement ANOVA was performed as recommended before.^[@bibr24-1744806920903848][@bibr25-1744806920903848]--[@bibr26-1744806920903848]^ The minimum number of the animals to reach statistical significance was used corresponding to a priori power analysis performed with G\*power based on the means and standard deviations of our previous studies including either the agonist or D-4F.^[@bibr27-1744806920903848]^ Data were taken from maximum effects regularly reached after 3 h. Overall, power analysis revealed that often N about 3 would be sufficient. To perform statistical analyses, N numbers were normally increased to N = 6. The effect of D-4F on capsaicin was already significant with low animal numbers, and solvent controls did not differ from our previous data.^[@bibr12-1744806920903848]^ Therefore, an artificial increase in animal numbers to justify the results was not regarded to be necessary and in accordance with the aim to reduce animal numbers.

In behavioural experiments, a two-way repeated measurement ANOVA followed by Holm--Sidak post hoc multiple comparison was used. Values given in the results section are the P-values for interaction. Stars in the figures indicate a significant difference (P \> 0.05) between the treatment groups at indicated time points. Data are shown as mean ± S.E.M. Even though only four rats were used in the capsaicin control group, data differ significantly from the treatment group. In our previous study, more vehicle control data are published.^[@bibr12-1744806920903848]^ Including these data, the statistics provided would strengthen the results. However, we omit to re-use our published data since the results presented here differ significantly already.

In vitro duplicated experiments of 100 cells per coverslip (pseudo-replications) were counted as a single experiment. The means were considered as genuine replications and were evaluated by the Mann--Whitney U test or a one-way ANOVA, post hoc Holm--Sidak, respectively. Differences were considered as significant when P \< 0.05. The Holm--Sidak post hoc comparison was chosen because of the higher power in opposite to the Bonferroni's test. Analyses of in vitro data are shown as scatter plots for the AUC, whereas the number of responding cells is presented as median with interquartile range.

Results {#sec8-1744806920903848}
=======

Subcutaneous injection of capsaicin induced transient mechanical and thermal nocifensive behaviour in rats for up to 6 h ([Figure 1(a) to (c)](#fig1-1744806920903848){ref-type="fig"}). Additional local injection of D-4F, after a 5-min interval, significantly prevented capsaicin-induced mechanical allodynia as well as mechanical and thermal hypersensitivity at indicated time points ([Figure 1(a)](#fig1-1744806920903848){ref-type="fig"}: F(3, 15) = 9.1, P(treatment × time) = 0.001; (b): F(3, 15) = 8.413, P(treatment × time) = 0.0016; (c): F(3, 27) = 2.3; P(treatment × time) = 0.099). While the onset of mechanical hypersensitivity upon local capsaicin injection was prompt, maximum mechanical allodynia was only measured 3 h after capsaicin application indicating that sensitisation of other mechanisms rather than direct TRPV1 activation is involved. D-4F ameliorated capsaicin-evoked thermal hypersensitivity. To decipher a direct inhibition of TRPV1 by D-4F upon capsaicin stimulation, Fura-2-based in vitro calcium imaging experiments on HEK-293 cells stably transfected with TRPV1 were performed ([Figure 1(d) to (g)](#fig1-1744806920903848){ref-type="fig"}). The robust calcium influx via TRPV1 upon capsaicin stimulation remained unaffected by co-applicated D-4F as well as the TRPV1 desensitisation. However, analyses reveal an increased variability of the AUC when cells were co-stimulated with capsaicin and D-4F. Statistical analysis of the AUC as well as the number of responding cells revealed equal numbers ([Figure 1(f)](#fig1-1744806920903848){ref-type="fig"}: N = 4, P(AUC) = 0.69, (g): N = 4, P(RC) \> 0.99).

![D-4F inhibits capsaicin-induced mechanical and thermal hyperalgesia independent of TRPV1 activation. (a--c) Measurements of mechanical paw pressure threshold by Randall--Selitto and paw withdrawal thresholds by von Frey test as well as thermal paw withdraw latency by Hargreaves test before (0) and 1, 3, and 6 h after intraplantar injection of capsaicin (245 nM) plus subsequent application of D-4F (2.5 mg/kg i.p.) or vehicle in male Wistar rats. Filled symbols indicate D-4F; open symbols for vehicle treatment groups. N as indicated in the graphs. Two-way repeated-measurement ANOVA, post hoc Holm--Sidak; \*P \< 0.05 highlighting significant differences between treatments at indicated time points. (d and e) Representative traces of calcium transients in Fura-2-based calcium imaging experiments on HEK-293~TRPV1~ cells upon stimulation with capsaicin alone (1 µM) or a pre-incubated mixture with D-4F (100 μg/ml; 30 min). Grey lines: individual cells, black line: mean; indicator line in (d) highlights interval chosen for AUC calculations. (f and g) Statistical analysis of the area under curve (interval: 120--390 s) and the number of responding cells upon stimulation. Scatter dot plots including median with interquartile ranges. Filled symbols indicate D-4F application; open symbols for vehicle treatment groups. N = 4 independent experiments of averaged duplicates. Mann--Whitney U test. \*P \< 0.05. 4-HNE: 4-hydroxynonenal; H~2~O~2~: hydrogen peroxide; D-4F: D-amino-4-phenylalanine mimetic peptide of apolipoprotein A-I.](10.1177_1744806920903848-fig1){#fig1-1744806920903848}

To dissect the mode of action of D-4F in capsaicin-induced hypersensitivity, the effect of D-4F on mechanical and thermal hypersensitivity after local injection of the ROS source H~2~O~2~ and the downstream lipid peroxidation product 4-HNE, both non-selective TRP channel agonists, were measured ([Figure 2](#fig2-1744806920903848){ref-type="fig"}). After application of either of them, mechanical hypersensitivity was completely abolished by D-4F as revealed by statistical analysis comparing effects over time with baseline (0 h). In H~2~O~2~-treated rats, D-4F significantly reduced mechanical hypersensitivity ([Figure 2(a)](#fig2-1744806920903848){ref-type="fig"} (H~2~O~2~): F(3, 15) = 5.21; p = 0.01). Despite an overall significant interaction in 4-HNE-injected animals, a significant difference between treatment groups was only obtained after 6 h ([Figure 2(b)](#fig2-1744806920903848){ref-type="fig"} (4-HNE): F(3, 15) = 4.2; p = 0.02). While H~2~O~2~-evoked thermal hypersensitivity remained unaffected, 4-HNE-induced thermal hypersensitivity, although not pronounced, was prevented by D-4F for about 3 h ([Figure 2(c)](#fig2-1744806920903848){ref-type="fig"} (H~2~O~2~): F(3, 30) = 0.52; p = 0.67, (d) (4-HNE): F(3, 15) = 1.48; p = 0.26).

![D-4F abolishes mechanical hypersensitivity evoked by a ROS source and 4-HNE. (a--d) Measurement of mechanical and thermal hypersensitivity at indicated time points in rats after local injection of the ROS equivalent H~2~O~2~ (a and b; 19.2 µM) or 4-HNE (c and d; 6 µM) plus D-4F (2.5 mg/kg i.p.) or saline. Filled symbols indicate D-4F treatment; open symbols for vehicle groups. N = 6/group. Two-way repeated-measurement ANOVA, post hoc Holm--Sidak; \*P \< 0.05 highlighting significant differences between treatments at indicated time points. 4-HNE: 4-hydroxynonenal; H~2~O~2~: hydrogen peroxide; D-4F: D-amino-4-phenylalanine mimetic peptide of apolipoprotein A-I.](10.1177_1744806920903848-fig2){#fig2-1744806920903848}

Calcium imaging experiments on primary cultured DRG neurons from adult C57BL/6 mice revealed a significant reduction in calcium influx upon stimulation of the cells with a mixture of D-4F and H~2~O~2~ compared to H~2~O~2~ alone ([Figure 3(a) to (d)](#fig3-1744806920903848){ref-type="fig"}). Mustard oil (MO), capsaicin, and potassium served as positive controls to indicate neuronal populations. The subsequent application of MO, the main exogenous TRPA1 agonist, failed to potentiate the H~2~O~2~-evoked calcium influx, indicating the involvement of TRPA1 on DRG neurons. Recently, we showed that TRPA1 activation by MO remained statistically unchanged after adding D-4F.^[@bibr5-1744806920903848]^ Statistical analyses of the AUC and the number of responding cells upon stimulation with H~2~O~2~ and D-4F were significantly different, whereas capsaicin failed to alter the AUC ([Figure 3(c)](#fig3-1744806920903848){ref-type="fig"}: P(AUC) = 0.03 and (d): P(RC) = 0.032; (e): P(AUC(Cap.) = 0.56). The non-significantly decreased responsiveness of DRG neurons to capsaicin after H~2~O~2~ stimulation might be explained by the calcium kinetics revealed before capsaicin application. The calcium influx in DRG neurons evoked by the endogenous TRPA1 agonist 4-HNE was also prevented by the application of a mixture with D-4F ([Figure 3(e) to (h)](#fig3-1744806920903848){ref-type="fig"}; (g): P(AUC) = 0.004 and (h): P(RC) = 0.008). Since 4-HNE-evoked transients, due to its potency, were only temporarily, lasting for about 4.5 min, further stimulation of TRPA1-positive cells by MO was possible. The capsaicin-elicited additional calcium influx remained unchanged after D-4F or vehicle treatment ([Figure 3(j)](#fig3-1744806920903848){ref-type="fig"}: P(AUC(4-HNE) = 0.76).

![D-4F reduces calcium influx elicited by ROS or 4-HNE in DRG neurons. (a, b, f, and g) Representative measurements of calcium imaging experiments on cultured DRG neurons upon stimulation with H~2~O~2~ (a; 10 µM) or 4-HNE (e; 30 µM) alone or mixed with D-4F (100 µg/ml; b and f). Mustard oil (10 µM) and capsaicin (1 µM) served as internal control for corresponding TRP channel activation; potassium to verify neuron activation. Grey lines: individual cells, black line: mean; indicator lines in (a) highlight interval chosen for AUC calculations. (c--e, h--j) Statistical analysis of the area under curve and the number of responding cells (interval 4-HNE or H~2~O~2~: 120--540 s and capsaicin: 740--860 s). Filled symbols and grey bars indicate D-4F experiments; open symbols and black bars for agonists only. N = 5 independent experiments of averaged duplicates. Mann--Whitney U test. \*P \< 0.05. 4-HNE: 4-hydroxynonenal; H~2~O~2~: hydrogen peroxide; D-4F: D-amino-4-phenylalanine mimetic peptide of apolipoprotein A-I; DRG: dorsal root ganglion; MO: mustard oil.](10.1177_1744806920903848-fig3){#fig3-1744806920903848}

In DRG neurons, multiple co-expressed ion channels such as TRPA1 and TRPV are sensitised upon neurogenic inflammation. To further investigate the TRPA1 dependency of D-4F-mediated inhibitory effects, the compound was tested in in vitro calcium imaging experiments on TRPA1 stably expressed in HEK-293. D-4F does not prevent MO-evoked TRPA1 activation.^[@bibr5-1744806920903848]^ Interestingly, the inhibitory potential of D-4F upon stimulation of TRPA1 with H~2~O~2~ and 4-HNE was dependent on the time-point of application, revealing different modes of action. H~2~O~2~ and 4-HNE evoked a robust TRPA1-mediated calcium influx after application of the drugs to the bath solution ([Figure 4(a) and (b)](#fig4-1744806920903848){ref-type="fig"}). The application of a mixture of D-4F with either substance, H~2~O~2~ or 4-HNE, diminished the TRPA1 channel activation ([Figure 4(c), (d), (g) to (j)](#fig4-1744806920903848){ref-type="fig"}). Even though the AUC was not substantially reduced after co-stimulation with 4-HNE, the number of responding cells differed significantly. When the HEK-293~TRPA1~ cells themselves were pre-incubated with D-4F, the AUC was non-significantly reduced ([Figure 4(g)](#fig4-1744806920903848){ref-type="fig"}: F(2, 13) = 6.35; p = 0.01) and the number of responding cells remained unchanged in comparison to the control ([Figure 4(i)](#fig4-1744806920903848){ref-type="fig"}: F(2, 15) = 17.8; P = 0.0001). On the contrary, pre-treatment of the cells with D-4F completely abolished the 4-HNE-evoked TRPA1 activation ([Figure 4(f)](#fig4-1744806920903848){ref-type="fig"}). None of the TRPA1 channels were activated ([Figure 4(i)](#fig4-1744806920903848){ref-type="fig"}: F (2, 13) = 56.2, P \< 0.0001, (j): F(2, 14) = 54.4; P \< 0.0001).

![D-4F modulates TRPA1-mediated calcium influx in HEK-293 cells evoked by ROS and 4-HNE. (a--f) Representative calcium traces from HEK-293~TRPA1~ in Fura-2 experiments after stimulation with H~2~O~2~ (a) or 4-HNE (b) alone, each pre-incubated with D-4F (c and d), or pre-incubated cells in D-4F (e and f; 10 µg/ml) before application of H~2~O~2~ and 4-HNE, respectively. Grey lines: individual cells, black line: mean; indicator lines in (a) highlight interval chosen for AUC calculations. (g--j), Statistical analysis of the area under curve and the number of responding cells during a 4-min interval (120--390 s). N = 5 (H~2~O~2~) or 7 (4-HNE) independent experiments of averaged duplicates. One-way ANOVA, post hoc Holm--Sidak. \*P \< 0.05. 4-HNE: 4-hydroxynonenal; H~2~O~2~: hydrogen peroxide; D-4F: D-amino-4-phenylalanine mimetic peptide of apolipoprotein A-I.](10.1177_1744806920903848-fig4){#fig4-1744806920903848}

Discussion {#sec9-1744806920903848}
==========

In this study, we provide evidence that D-4F prevents reflexive nocifensive behaviour in a model of neurogenic inflammation. Besides its well-known function as a very potent acute TRPV1 agonist, capsaicin leads to ROS generation.^[@bibr28-1744806920903848]^ ROS such as H~2~O~2~ directly stimulate different TRP receptors by disulphide bond formation, e.g. via direct binding to cysteine and lysin residues of TRPA1.^[@bibr29-1744806920903848]^ Furthermore, ROS, a source of highly reactive hydroxyl radicals, induces the formation of OxPL in vivo.^[@bibr12-1744806920903848],[@bibr30-1744806920903848],[@bibr31-1744806920903848]^ Here, we show that D-4F averted H~2~O~2~-elicited nociceptive behaviour upon reflexive mechanical testing. On DRG neurons, only a partial blockade of the H~2~O~2~-evoked calcium influx has been conceived. It is well known that DRG neurons express a variety of TRP channels such as the co-expressed TRPV1 and TRPA1 but also TRPC5 and TRPM2. All are known as redox sensors.^[@bibr29-1744806920903848]^ Pre-incubation of D-4F with H~2~O~2~ prior to HEK-293~TRPA1~ stimulation prevented calcium influx suggesting a direct interaction of the two compounds, most likely via binding to lysine residues of D-4F. In contrast, pre-incubation of the HEK-293~TRPA1~ with D-4F before H~2~O~2~ application failed to significantly inhibit the calcium influx. Due to its highly reactive amino acid residues, it is most likely that H~2~O~2~ has a higher affinity to TRPA1 than to D-4F. Hence, the results suggest that the inhibitory effect of D-4F cannot only be explained by a scavenging mechanism.

During ROS exposure, lipids of the plasma membrane are oxidised resulting in an increase of OxPL species. D-4F scavenges OxPL by binding to these species with distinctive affinities.^[@bibr15-1744806920903848]^ Previously, we have shown that components of OxPAPC such as PGPC and POVPC also activate TRPV1; however, higher concentrations are needed than for the stimulation of TRPA1.^[@bibr5-1744806920903848]^ Even though D-4F blocks TRPV1-mediated thermal hypersensitivity, different affinities and dose effects of OxPL on proteins like TRP channels and D-4F peptide indicate an incomplete, more selective scavenging mechanism.

One of the downstream products of lipid peroxidation is 4-HNE that itself induces the generation of E06-reactive OxPLs after local paw injections.^[@bibr12-1744806920903848]^ The pre-incubation of D-4F with 4-HNE diminished the TRPA1 activation in accordance to the results obtained after H~2~O~2~ stimulation. Similar to H~2~O~2~, 4-HNE is also known to interact with histidine, lysine and cysteine residues. 4-HNE covalently binds via Michael addition or Schiff base formation. Studies with the whole ApoA-I molecule revealed a direct interaction of 4-HNE with histidine residues.^[@bibr32-1744806920903848]^ Since the ApoA-I mimetic peptide D-4F lacks histidine residues, 4-HNE could possibly bind to the lysine residues in D-4F and consecutively being inactivated.^[@bibr33-1744806920903848]^ Our data show convincingly a D-4F-mediated inhibition of 4-HNE-evoked nocifensive behaviour. In line, 4-HNE production was decreased after D-4F treatment in murine asthma model.^[@bibr34-1744806920903848]^ Both extracellular and intracellular cysteine residues of TRPA1 as well as its histidine residues are likely to be subject to the modification of direct 4-HNE-evoked TRPA1 activation and enhancement of TRPV1 stimulation.^[@bibr8-1744806920903848],[@bibr35-1744806920903848][@bibr36-1744806920903848]--[@bibr37-1744806920903848]^ We hypothesise that D-4F might directly interfere with the abovementioned amino acid residues and therefore competitively block the channel opening. On the contrary, D-4F failed to inhibit the activation of TRPA1 by its main exogenous agonist MO; thus, different binding sites of TRPA1 agonists and antagonists must be considered.^[@bibr5-1744806920903848]^ Furthermore, pre-incubation of HEK-293~TRPA1~ completely prevented the 4-HNE-elicited activation of TRPA1. Taken together, the data presented here highlight the presence of a supplementary, different mechanism.

Synergies of TRPA1 and TRPV1 have been well demonstrated before. Capsaicin-induced TRPV1 activation modulates TRPA1 sensitivity and vice versa, partially by the formation of heterodimers.^[@bibr38-1744806920903848][@bibr39-1744806920903848][@bibr40-1744806920903848]--[@bibr41-1744806920903848]^ Stimulation of either of the TRP channels enables neurogenic inflammation-typical neurotransmitter release of calcitonin gene-related peptide (CGRP) and substance P. The close connection of TRPA1 and TRPV1 complicates to decipher whether D-4F-mediated analgesia underlies attenuation of neurogenic inflammation or neuronal hyperexcitability since either perpetuates the other. We suggest that neurogenic inflammation, inducing an increase of products such as ROS and OxPL, is necessary for the efficacy of D-4F in evoked mechanical hyperalgesia and allodynia. Our study lacks of evidence that D-4F directly modulates TRPV1. A decreased TRPV1-mediated CRGP release from DRG neurons upon capsaicin stimulation in the presence of D-4F is unexpected. Previously, we showed that oxidised lipid-evoked CRGP release from mice hind paw skin is not completely abolished in TRPA1 ko, TRPV1 ko or double-ko mice.^[@bibr5-1744806920903848]^ This strengthens the idea that neurogenic inflammation is a complex process not only facilitated by TRPV1 and blocking only one component would not be sufficient to completely interrupt the CGRP release and subsequent cascades. In addition, considering the abovementioned mechanisms of D-4F interfering with ROS and its products, it is less likely that D-4F-mediated TRPA1 inhibition is due to TRPV1-evoked desensitisation rather than D-4F-mediated scavenging of TRPA1 agonists.

The in vivo mode of action of D-4F must be more complex. ROS induce an upregulation of pro-inflammatory cytokines that lead to a sensitisation of TRP channels.^[@bibr42-1744806920903848]^ D-4F reduces the release of pro-inflammatory cytokines and is known to alter cholesterol levels of cellular membranes by the formation of new HDL molecules.^[@bibr13-1744806920903848],[@bibr15-1744806920903848]^ It also changes lipid rafts, another suggested mode of action. While depletion of cholesterol from membranes facilitates hypersensitivity, changes of the lipid composition of cellular membranes also modulate TRP channel activation.^[@bibr43-1744806920903848],[@bibr44-1744806920903848]^ As demonstrated in this study and before, D-4F predominantly inhibits mechanical hyperalgesia.^[@bibr5-1744806920903848]^ It is likely that other mechanoreceptors might be involved in the efficacy of D-4F.^[@bibr45-1744806920903848],[@bibr46-1744806920903848]^

In addition, an effect of D-4F on other target cells is possible. The release of CGRP induces degranulation of mast cells.^[@bibr47-1744806920903848]^ Also, direct capsaicin-evoked activation of TRPV1 on mast cells is possible emphasising mast cells as a key cell of the mode of action of D-4F.^[@bibr48-1744806920903848]^ These local immune cells but also TRPV1-positive DRG neurons express the ubiquitous toll-like receptor 4 (TLR-4).^[@bibr49-1744806920903848],[@bibr50-1744806920903848]^ So far, it was thought that 4-HNE supresses TLR-4 receptor activation, but recently, it has been shown that 4-HNE also activates TLR-4.^[@bibr46-1744806920903848]^ TLR-4 activation sensitises TRPV1.^[@bibr51-1744806920903848]^ Furthermore, the neurotransmitter substance P and CGRP modulate TLR expression and signalling pathways.^[@bibr52-1744806920903848],[@bibr53-1744806920903848]^ There is evidence that ApoA-I supresses the TLR-4 signalling cascade by alternating the TLR-4 membrane integrity into lipid rafts.^[@bibr54-1744806920903848],[@bibr55-1744806920903848]^ This is in line with the data that TLR-4 interacts with ApoA-I binding protein, recently shown in a pain model.^[@bibr11-1744806920903848]^

Oral D-4F is safe and well tolerated by high-risk cardiovascular patients. The daily application of single doses of D-4F reduced their HDL-inflammatory index.^[@bibr14-1744806920903848]^ In this study as well as previously, a single dose of D-4F injected locally lasted 6 h to inhibit inflammatory and capsaicin-induced pain.^[@bibr5-1744806920903848]^ For clinical use, a longer duration of action would be necessary. Enhanced bioavailability and stability of D-4F could improve the pharmacokinetics on the road to a promising pain killer.

In summary, mechanical hyperalgesia, evoked by low-dose capsaicin, could be explained by the generation of local ROS and downstream components mainly activating the mechanosensor TRPA1. Co-application of D-4F might be a complimentary approach to ameliorate pain evoked by neurogenic inflammation while using the capsaicin patch for pain treatment.

The authors thank the IZKF for funding (N-261 to BO and HLR; Z2/CSP-2 to BO). The authors gratefully thank Prof. Michael Sendtner, MD, and Robert Blum, PhD, Institute of Clinical Neurobiology, University Hospital of Würzburg, Germany, for the availability of the cell culture and the calcium imaging equipment.

Author Contributions {#sec10-1744806920903848}
====================

BO conceptualised the in vitro part of the project, analysed the data and wrote the manuscript. Together with JK, calcium imaging experiments were conducted. MM and ABK performed the behavioural tests and analysed the data. HLR designed the project and perused the manuscript.

Declaration of Conflicting Interests {#sec11-1744806920903848}
====================================

The author(s) declared no potential conflicts of interest with respect to the research, authorship, and/or publication of this article.

Funding {#sec12-1744806920903848}
=======

The author(s) disclosed receipt of the following financial support for the research, authorship, and/or publication of this article: This work was supported by the Department of Anaesthesiology, University Hospital of Würzburg, by the Interdisciplinary Centre for Clinical Research (IZKF) of the Medical Faculty of the University of Würzburg, Germany (N-261 to BO and HR; Z2/CSP-2 to BO) and by the Open Access Publication Fund of the University of Würzburg.

ORCID iD
========

Beatrice Oehler <https://orcid.org/0000-0003-3150-2102>
